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ABSTRACT  Previously, we have shown that the capping of surface immunoglobulins on murine 
lymphocytes can be affected by modulating the lipid environment of the surface membrane 
with free fatty acids.  In the present study, murine lymphocytes were depleted of cholesterol 
by incubation with  phospholipid  vesicles. As the cellular cholesterol:phospholipid  ratio de- 
creased, the capping of the surface immunoglobulin was seen to decrease. This inhibition of 
capping could not be reversed  by calcium and is not accompanied by changes in either the 
cytoskeletal element ~-actinin or cellular ATP levels.  Incubation of the cholesterol-depleted 
cells  with  cholesterol-containing  phospholipid  vesicles  raised  both  the  cholesterol:phos- 
pholipid ratio and capping levels to values close to those of untreated control cells.  Remark- 
ably, stearic acid, a saturated fatty acid, could also restore the capping levels in the cholesterol- 
depleted  cells.  On  the  basis of  the  present  data  and  measurements  of the  fluorescence 
polarization of the probe diphenyl  hexatriene, we propose a model  in which the protein(s) 
involved in capping is located in a gel-like lipid domain, and that removal of cholesterol makes 
this domain less gel-like and inhibits capping. Restoration  of the gel-like nature of this domain 
by the addition of either cholesterol or stearic acid enables the protein(s) to function normally. 
Previous work from our laboratories (l) has shown that the 
capping of surface immunoglobulins (IgG) on mouse B lym- 
phocytes can be affected by modulating the lipid environment 
of the  surface membrane.  Specifically,  pre-incubation with 
cis-unsaturated fatty acids, but not saturated or trans-unsat- 
urated  fatty acids blocks the movement and aggregation of 
surface receptors to one end of the cell. We have also reported 
a differential effect of free fatty acids on baby hamster kidney 
(BHK) fibroblast adhesion  and  growth (2),  human  platelet 
aggregation  (3),  and  the  transport  of glucose-6-phosphate 
across rat liver microsomal membranes (4).  Cis-unsaturated 
fatty acids inhibit BHK fibroblast adhesion and growth, plate- 
let aggregation and glucose-6-phosphate transport in micro- 
somes, while saturated and trans-unsaturated fatty acids have 
no effect. We have proposed (5, 6) that the differential effects 
of the  free  fatty  acids  on  protein  mediated  function  are 
consistent with the presence of lipid domains, composed of 
either relatively gel-like or fluid lipid,  in the  membrane. It 
was further suggested (5) that the preferential partitioning of 
the fatty acids into particular lipid domains would then per- 
turb the  lipid structure in that region and thereby affect a 
normal protein function. 
Measurements of the polarization of the fluorescent probe 
diphenyl hexatriene (DPH), which reflects the order of the 
lipid hydrocarbon chains (5),  in  aqueous dispersions of di- 
myristoyl phosphatidylcholine (DMPC) indicated that, when 
the phospholipid is in the gel-state,  cis-unsaturated fatty acids 
have a  disordering  effect while saturated and trans-unsatu- 
rated fatty acids have little or no effect.  When the DMPC is 
in the liquid crystalline or fluid state, the saturated and trans- 
unsaturated  free  fatty  acids  have  a  slight  ordering  effect, 
whereas the cis-unsaturated fatty acids are without effect. 
It is well documented (7) that one of the effects of choles- 
terol in aqueous dispersions of synthetic phospholipids is to 
affect the order of the phospholipid acyl chains. Furthermore, 
it is possible to manipulate cholesterol levels of isolated cells 
in  vitro by incubation  with lipid  vesicles (8).  We therefore 
decided to investigate the effect of the cholesterol content in 
mouse B lymphocytes on the surface immunoglobulin cap- 
ping. Our aim was to determine whether the modulation of 
the lipids in the surface membrane by cis-unsaturated fatty 
acids, which results in the inhibition of capping, is a general 
phenomenon. 
In the present study, we were able to remove cholesterol 
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capping on mouse B lymphocytes. We show that the inhibi- 
tion  is not due to altered ATP levels,  changes in the cyto- 
skeleton, or loss of proteins from the membrane. The inhibi- 
tion  of capping was reversed by incubating the cholesterol- 
depleted cells with either cholesterol-containing phospholipid 
vesicles or the saturated fatty acid, stearic acid. These results 
are  discussed  in  terms of a  lipid-domain  model  in  which 
proteins are in either gel-like or fluid regions; regions in which, 
in  order to function properly, these proteins must remain. 
Alteration of the lipid environment by either incubation with 
free fatty acids or depletion of cholesterol can have profound 
effects on cellular functions. 
Several  reports  (9-11)  have  shown  that  the  addition  of 
excess cholesterol or merely the  presence of cholesterol  in 
either  cells  or  reconstituted  membranes has  an  inhibitory 
effect on protein and cellular function. In marked contrast, 
studies have also been reported which indicate a requirement 
of cholesterol for cellular function (12-14). Here we further 
demonstrate that cholesterol is necessary for the proper func- 
tioning of cellular proteins, and strongly suggest  that this is 
due to a  modulation  of the lipid in the surface membrane 
rather than a direct cholesterol-protein interaction. 
MATERIALS  AND  METHODS 
Lymphocyte Preparation 
Lymphocytes were isolated from spleens of A/J mice obtained from Jackson 
Laboratories  (Bar Harbor,  ME)?  The cells were teased  from the spleens in 
Hanks' balanced salt solution,  buffered with  15  mM HEPES, pH 7.4 (HH), 
and washed twice with the  same solution.  Contaminating  erythrocytes were 
lysed by resuspending the cell pellet in a small volume of distilled water for 20 
s, after which isotonicity was restored by the addition of a large volume of HH. 
The cells were then spun down and resuspended in HH at a concentration  of 
l0  T  cells/ml. 
Liposome Preparation 
Small unilamellar vesicles (SUVs) of  the appropriate lipid composition were 
prepared using a slight modification  of the methods described by Backer and 
Dawidowicz (l 5  ). The lyophilized lipids were dispersed in HH prior to soniea- 
tion,  and the fractionation  of the resulting vesicles on a  molecular  sieve of 
Scpharose 4B was omitted. 
Egg phosphatidyl choline (PC) was obtained from Makor Chemicals (Jeru- 
salem, Israel) or as Type XI-E from Sigma Chemical Co. (St. Louis, MO). Egg 
phosphatidic acid (PA) was purchased from Avanti Polar Lipids Inc. (Birming- 
ham, AL). Both of these compounds gave a single spot, as visualized by iodine 
vapors,  after  thin-layer  chromatography  on  silica gel  H  using  chloro- 
form:methanol:acetic acid:water (25:15:4:2 vol/vol) (16) as the eluting solvent. 
In addition, minimal oxidation of  these compounds  was detected by measuring 
a Klein oxidation  index (17) of 0.1. Cholesterol (CH) from Sigma Chemical 
Co. was recrystallized three  times  from  absolute  alcohol  prior to use. Both 
cholesterol and the phospholipids were stored as stock solutions in chloroform 
at -20°C. No changes in purity or oxidation index were detected during storage. 
SUVs were prepared from either a mixture of PC and PA in a molar ratio 
of 1:0.15 or PC:PA:CH in a molar ratio  1:0.15:1. The lipid concentration  was 
6 mM in PC for both types of SUVs. In some preparations,  a trace amount of 
cholesteryl [1J4C]oleate (0.6/~Ci/ml)  (sp act  50 Ci/mol,  from New England 
Nuclear,  Boston, MA), a nonexchangeable  marker for the vesicles (18), was 
incorporated  into the  SUVs to d~ermine the  fraction  of the  vesicles that 
remained attached to or had fused with the lymphocytes. 
l Animals used in this study were maintained in accordance with the 
guidelines of the  Committee  on  Animals at  the  Harvard  Medical 
School and those prepared by the Committee on Care and Use of 
Laboratory Animals of the Institute of Laboratory Animal Resources, 
National Research Council (Department of Health, Education, and 
Welfare publication No. NIH 78-32; revised 1978). 
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Liposome Treatment 
1 ml of cells (10  T  ceUs/ml) was incubated at room temperature with 0.5 ml 
of the SUV suspension (6 mM in PC) composed of either PC/PA or PC/PA/ 
CH.  After incubation,  the cells were pelleted in a clinical centrifuge, rinsed 
twice in 15 ml of HH, and resuspended in HH at a concentration  of 2-5 x  l0  s 
cells/ml. 
Fatty Acid Incorporation 
The uptake of free fatty acids by control and cholesterol-depleted lympho- 
cytes was measured. The '4C-labeled fatty acids (from New England Nuclear, 
Boston, MA) linoleic acid (sp act 56 Ci/mol) and stearic acid (sp act 51  Ci/ 
tool)  were  mixed  with  their  unlabeled  counterparts  (from  Nu  Chek  Prep, 
Elysian, MN) in a ratio of 1: l 0 (labeled:unlabeled) to reach a final concentration 
of 30 ~M in HH with l07 cells/m]. The lymphocytes were incubated with these 
solutions of fatty acids for 30 min at room temperature  and then rinsed twice 
in HH. Uptake was calculated by counting the cell pellets in a liquid scintillation 
counter (Beckman Instruments,  Inc., Palo Alto, CA; Model LS-7000). Under 
these incubation conditions, the free fatty acids are not metabolized by the cells 
as we have previously shown (5). 
Capping Experiments 
After incubation  of the lymphocytes with the SUVs, treated and untreated 
cells were incubated  with either  fluorescein or rhodamine  conjugated  rabbit 
anti-mouse IgG (Cappel Laboratories, Westchester, PA) for 20 rain at 4°C. The 
cells were rinsed in cold HH and resuspended in warm (20-25"C) HH. At the 
end of 30 min, the cells were spun down and fixed in  10% formalin (Fisher 
Scientific, Medford, MA) in HH for 30 min at room temperature.  The cells 
were then rinsed twice, and the percentage of cells having caps, i.e., those cells 
in which the fluorescence was restricted to one end of the cell and occupying 
<25% of the cell surface, was determined by fluorescence microscopy (E. Leitz, 
Inc., Rockleigh, N  J; Ortholux  II). In addition,  the  state  of the cytoskeletal 
element a-actinin was monitored using immunofluorescence  techniques as we 
have  recently  described  (19). The  antiserum  against  a-actinin  was  kindly 
provided by Dr. K. Fujiwara (Harvard Medical School). 
Fluorescence Polarization Measurements 
Polarization values were determined as outlined by Shinitzky and Inbar (20) 
by  incubating  the  cells with  the  aromatic  fluorophore,  1,6-diphenyl-l,3,5- 
hexatriene (DPH), from Sigma Chemical Co. and measuring the depolarization 
of  the fluorescence caused by the rotation of the probe in its lipid environment. 
High p-values indicate an ordered, gel-like lipid environment and low values, 
a disordered fiuidlike environment (5). DPH was prepared as a stock solution 
of 2 mM in tetrahydrofuran  and added to the cells suspended in HH to a final 
concentration  of 2 aM. The cells were incubated for 20 rain at room tempera- 
ture,  rinsed  twice  in  HH  and  resuspended  in  3  ml  of HH  at  a  cellular 
concentration  of 2 x  10~/ml. The p-values were then measured at 25"C on an 
Elscint microviscometer (Elscint Ltd., Haifa, Israel), model MV-la. 
Analytical Determinations 
Lipids were extracted  from  the whole ceils (treated  and  untreated)  with 
chloroform/methanol  (2:1) according to the  method of Bligh and Dyer (21). 
The lipids were dried down under nitrogen and redissolved in a small volume 
of chloroform. Samples were taken for phospholipid  and cholesterol determi- 
nations. The phospliolipid concentration of  the extracted lipids was determined 
by the method of Bartlett  (22). Cholesterol content  was measured  on a gas 
chromatograph (Hewlett-Packard Co., Palo Alto, CA; Model 5840A), equipped 
with a 3% OV-17 column (Applied Sciences, State College, PA). The amount 
was determined  by comparing  the areas under the cholesterol peak to those 
areas obtained  from known quantifies and plotted as a standard  curve. ATP 
was determined using methods that we have previously described (23). 
Ultrastructural Studies 
FREEZE-FRACTURE:  Following the various treatments cells were washed as 
described above. Cell pellets were fixed in 3% glutaraldehyde, 0.1 M cacodylate 
(pH 7.2) with 5% sucrose for 30 rain at room temperature.  Fixed cells were 
washed in cacodylate buffer and then treated with filipin (50 gg/ml) in caco- 
dylate for 4 h to overnight as previously described by Robinson and Karnovsky 
(24). Filipin-treated cells were incubated with 30% glycerol in 0.1 M cacodylate 
for 2 h and then frozen in Freon 22 near its freezing point. Frozen cells were 
stored in liquid nitrogen until being fractured in a Balzers BA 360 M freeze- fracture apparatus (Balzers, Hudson, NH). 
THIN-SECTION ELECTRON MICROSCOPY:  Lymphocytes  were fixed in glutar- 
aMehyde and washed in buffer as above. Cells were then postfixed in 2% OsO,- 
0. I M cacodylate (pH 7.2) for 1 h at room temperature and dehydrated in a 
graded series of ethanol. During dehydration (70% step), cells were embedded 
in melted agar. The cells were pelleted through the agar, the agar was solidified, 
and portions containing cells were cut into small pieces.  This enabled us to 
carry out subsequent steps without centrifugation. The agar blocks were em- 
bedded in Epon 812. Sections were cut with a diamond knife and examined in 
a Philips 200 operated at 60 kV following staining with uranyl acetate and lead 
citrate. 
SCANNING ELECTRON MICROSCOPY:  The lymphocytes were also prepared 
for study by scanning electron microscopy. The cells were  fixed as described 
above for thin-section electron microscopy, rinsed and allowed to attach to 
polylysine-coated coverslips.  They were  then postfixed in  205  OsO4-0. l  M 
cacodylate buffer, pH 7.2,  for 1 h at room temperature. After rinsing several 
times, the samples were  dehydrated through a  graded series of acetone and 
brought to the critical  drying point out of liquid CO2 in a  Model  1 1,  120- 
critical point dryer (Balzers Union Ltd.). The cells were then coated with gold- 
palladium in a sputtering device (Technics, Alexander, VA) and examined in 
an ETEC autoscan electron microscope. 
RESULTS 
Incubation of mouse lymphocytes with an excess of PC/PA 
SUVs over a period of 2  h decreases the cholesterol content 
of the cells from a cholesterol:phospholipid ratio of 0.31  to 
0.20. Concomitantly, the capping of the surface immunoglob- 
ulin decreases from an initial  value of 74% to 30% in cells 
incubated with PC/PA vesicles for 2 h (Fig.  1). Furthermore, 
the  fluorescence depolarization of DPH  (p-value)  in  these 
treated lymphocytes is inversely related to the inhibition of 
capping; as the p-value decreases, the inhibition of capping 
increases (Fig. 2). The changes in p-value are correlated with 
the amount of cholesterol present in the cells over a certain 
cholesterol:phospholipid range (Fig.  3). Depletion of choles- 
terol by  incubation with PC/PA  SUVs  lowers the p-value. 
Incubation of these cholesterol-depleted lymphocytes for 2 h 
with an excess of SUVs composed of PC/PA/CH restores the 
cholesterol levels and the p-value for DPH increases to near 
its control level. Further incubation with PC/PA/CH  SUVs 
raises the cholesterol level in the cells, but capping remains at 
the same level as the control values (data not shown). There 
is  a  point,  however,  where  the  p-value  no  longer  reflects 
cholesterol content directly; the p-value levels off at a value 
of 0.285  while the cholesterol:phospholipid ratio in the cells 
continues to increase. Most of our experiments were carried 
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The effect of incubating murine lymphocytes with PC/ 
PA SUVs  for various times on the cholesterol: phospholipid molar 
ratio and compared to the percent capping of surface IgG receptors. 
relationship between p-value and the cholesterol:phospholipid 
ratio existed,  thereby affording us a  rapid method to check 
the cholesterol content of the cells. 
A summary of the data obtained from incubating lympho- 
cytes  with  SUVs  monitoring  IgG  capping  and  choles- 
terohphospholipid is presented in Table I. When the cells are 
incubated with SUVs that remove cholesterol (PC/PA), cap- 
ping is inhibited by >50%.  The inhibition of capping by cis- 
unsaturated fatty acids is accompanied by a dramatic redis- 
tribution of the cytoskeletal elements, the most pronounced 
being that of a-actinin which changes from a diffuse distri- 
bution to a submembranous aggregate at one end of the cell 
(l 9). In marked contrast to inhibition by cis-unsaturated fatty 
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FIGURE  2  The effect of changes in  the fluorescence polarization 
of DPH (p-value), as a result of cholesterol depletion, on the capping 
of the surface lgG receptors on murine lymphocytes. 
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FIGURE  3  The  variation  in  fluorescence  polarization of  DPH  (p- 
value) with total cellular cholesterohphospholipid molar ratio. 
TABLE  I 
Relationship between Cholesterol Content and Surface IgG 
Capping 
%  Cap-  cholesterol: 
Treatment  ping  phospholipid 
(molar ratio) 
Control, untreated  69 -  2.5  0.32 _  0.03 
PC/PA 2 h  30 _+ 2.0  0.19 _  0.02 
PC/PA/CH 2 h  67 _  2.5  0.35 _  0.03 
PC/PA 2 h followed by  60 _  2.5  0.26 _  0.02 
PC/PA/CH 2 h 
Lymphocytes were treated  with  SUVs of the appropriate composition, and 
then  assayed for  both  cholesterohphospholipid  ratio and capping as de- 
scribed in Materials and Methods. 
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cholesterol depletion (data not shown).  Lymphocytes incu- 
bated with PC/PA/CH SUVs which do not decrease choles- 
terol  content  have  no  effect on  the  surface  IgG capping. 
Moreover, the process of cholesterol depletion is reversible. If 
cells that have been depleted of cholesterol are then incubated 
with SUVs (PC/PA/CH) that can add cholesterol to the cells, 
cholesterol content and capping are restored to near control 
values. 
Incubation of mammalian cells with phospholipid vesicles 
or liposomes can also result in sticking, fusion, or endocytosis 
of the vesicles (25).  To minimize these possibilities,  a  nega- 
tively charged phospholipid, phosphatidic acid, was included 
in  all  of the  SUV  preparations used  in  the  present study. 
Control  experiments  using  PC/PA  vesicles  containing  the 
nonexchangeable  marker  [~4C]cholesteryl  oleate  indicated 
that <1% of the original SUVs remained associated with the 
lymphocytes after incubation for 2 h. Furthermore, the ultra- 
structural studies showed no evidence of SUVs attached to 
the cells. 
In a recent report (26),  it was suggested that inhibition of 
capping by free fatty acids is caused by an uncoupling of the 
respiratory chain and depletion of ATP. This is not the case, 
as we have shown in a recent paper (23). In the present study 
we found that lymphocytes, after incubation with SUVs that 
either  deplete  cholesterol,  replenish  cholesterol,  or  do  not 
affect the cellular cholesterol content, exhibit the same ATP 
levels as untreated cells (Table II). 
Calcium has been implicated by many (27-29) as having a 
role in regulating the capping phenomenon. We have shown 
that inhibition of surface IgG capping by cis-unsaturated fatty 
acids can be reversed by incubating the cells in a high concen- 
tration of extracellular calcium (I). It was because of these 
experiments and those of many others who had investigated 
the role of calcium that we tested the effects of high extracel- 
lular calcium on the capping modulated by cholesterol con- 
tent.  In  all  instances,  untreated,  cholesterol-depleted,  and 
cholesterol-repleted cells,  we found  no effect of incubating 
with calcium (Table III). 
As mentioned above, we have shown that cis-unsaturated 
free fatty acids but not saturated or trans-unsaturated fatty 
acids inhibit  IgG capping on lymphocytes (1).  Also,  under 
these same conditions, the cis-unsaturated fatty acids decrease 
the  p-value of DPH  while saturated  and  trans-unsaturated 
have little effect.  We suggested  as part of the explanation for 
this  effect that  the  fatty acids  partition  into  distinct  lipid 
domains in the membrane, the cis-unsaturated preferentially 
but not exclusively partitioning into fluid domains, and the 
saturated  and  trans-unsaturated  partitioning  preferentially 
into gel-like or ordered domains. Several studies (30-34) with 
TABLE  II 
Levels of A TP in Treated and Untreated Lymphocytes as 
Determined by the Luciferin/Luciferase Assay 
Treatment  ATP 
(mol/ce/I) 
Control, untreated  720 
PC/PA 2 h (cholesterol depletion)  735 
PC/PA/CH 2 h  765 
PC/PA 2 h followed by PC/PA/CH 2 h (cholesterol  720 
repletion) 
Lymphocytes were treated with  SUVs and total cellular ATP was measured 
as described in Materials and Methods. 
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synthetic  phospholipid  membranes  containing  cholesterol 
have strongly suggested that the presence of cholesterol in- 
duces a lateral phase separation which results in the establish- 
ment of lipid domains within the membrane. We therefore 
felt that  depletion  of cholesterol  from  lymphocytes could 
affect the  organization  of the  lipid  domains,  and  thus  we 
investigated the effects of the free fatty acids on cells in which 
the  cholesterol  level  had  been  modulated.  Incubating  un- 
treated lymphocytes with a cis-unsaturated fatty acid (linoleic 
acid),  we found, as previously, a decrease in p-value and an 
inhibition of capping. Incubating with a saturated fatty acid 
(stearic acid)  had  no  effect on  either  phenomenon.  When 
cholesterol-depleted cells were incubated with fatty acids, the 
effect was entirely different.  Cells  in  which  the  cholesterol 
content had been reduced by half with concomitant decreases 
in p-values and capping were treated with either linoleic or 
stearic acids.  Linoleic acid incubation further decreased the 
p-values and amount of capping. Stearic acid, however, re- 
versed the effect, as indicated by a restoration of p-value and 
capping to levels near control untreated values (Table IV, Fig. 
4). 
We found further differences in the incorporation of the 
different free fatty acids  into untreated  and  cholesterol-de- 
pleted cells. Equal amounts of stearic and linoleic acids are 
incorporated  into  control  lymphocytes.  In  cholesterol-de- 
pleted cells, linoleic acid shows a similar amount of incorpo- 
ration as in the control cells. Stearic acid, however, is incor- 
porated at a level two times higher than its control value and 
similarly two times higher than the linoleic acid value (Fig. 
5). 
Ultrastructural studies, both scanning (data not shown) and 
transmission electron microscopy, revealed no obvious differ- 
TABLE III 
Effect of Calcium on Capping of Surface IgC after Cholesterol 
Modulation 
°Capping 
1.3 mM  8.0 mM 
Treatment  Ca  ++  Ca  ++ 
Control, untreated  65 ±  2  63 ±  2.5 
PC/PA 2 h (cholesterol depleted)  31  +  3  38 ±  3 
PC/PA/CH 2 h  64 ±  2  60 ±  2 
PC/PA 2 h follows by PC/PA/CH 2 h (cho-  64 ±  2  65 ±  2 
lesterol repleted) 
After treatment with SUVs  of the appropriate composition, cells were treated 
with calcium prior to the capping experiments. 
TABLE IV 
Effect of Fatty Acid Treatment on Capping and DPH 
Polarization of Control and Cholesterol-depleted Lymphocytes 
% 
p-value  Capped 
Untreated  0.271  _  0.003  69 ±  2.5 
+SA (30 pM)  0,276 _  0.002  66 ±  2.0 
+LA (30pM)  0.250 ±  0.003  17 ±  2.5 
PC/PA (cholesterol depletion)  0.253 ±  0.003  30 ±  2.0 
+SA (30 pM)  0.269 ±  0.002  62 +  1.0 
+LA (30 pM)  0.241  ±  0.002  21  ±  3.0 
+PC/PA/CH  (cholesterol  reple-  0.265 ±  0.003  60 ±  2.5 
tion) 
Lymphocytes were treated with  either SUVs or free fatty acids (SA: stearic 
acid; LA: linoleic acid) prior to the determination of both p-value and capping 
as described in Materials and Methods. 80 
6(3 
(~  40 
20 
Control Cells 
....  I:::  t::i: 
o_ 
Untreated +SA  +LA Col~trol 
Cholesterol  Depleted  Cells 
D  c~.g 
[] DPH Pdadzmion 
Ch  +SA  +LA  Ch 






FIGURE  4  The effects of fatty acid treatment (SA: stearic acid; LA: 
linoleic  acid)  on  capping  and  DPH  polarization  on  control  and 
cholesterol (CH)-depleted lymphocytes. 
ences  between  the  SUV-treated  lymphocytes and  the  un- 
treated cells (Fig.  6). Both had numerous microvilli over the 
entire surface with no evidence for a change in either number 
or length. Freeze-fracture studies using filipin to localize and 
visualize the  cholesterol,  however,  showed dramatic differ- 
ences  (Fig.  7).  In  the  untreated  control  cells,  there  were 
numerous randomly distributed filipin-cholesterol complexes. 
Lymphocytes treated with PC/PA SUVs showed a dramatic 
decrease in  the  density of the  filipin-cholesterol complexes 
which correlated with the cholesterol content. The loss of the 
complexes appeared to occur in all cells and randomly over 
the entire surface. On the other hand cells which  had  first 
been depleted of cholesterol and then repleted with cholesterol 
showed  not  only  the  reversal  in  capping  and  cholesterol 
content  but  also  an  increase  in  the  density  of the  filipin 
complexes to the  level of the  control  untreated  cells.  Cells 
treated solely with PC/PA/CH SUVs, a condition which does 
not affect capping or cholesterol content,  had  a  density of 
filipin-cholesterol complexes similar to that of untreated cells 
(data not shown). 
DISCUSSION 
Our results clearly show that a  reduction  in the cholesterol 
content  of mouse  B  lymphocytes inhibits  the  capping  of 
surface immunoglobulins and that the effect can be reversed 
by replacing the cholesterol. The depletion of cholesterol has 
been demonstrated by direct chemical measurement and from 
ultrastructural analysis using filipin. Friend and Bearer (35) 
have recently shown that the number of filipin-sterol com- 
plexes seen in freeze-fracture preparations of Drosophila me- 
lanogaster cells grown in tissue culture correlated well with 
the chemically determined sterol content of these cells.  The 
decrease in the number of filipin-cholesterol complexes that 
we observe after treatment of the cells with SUVs composed 
of PC/PA  (Fig.  7)  confirms  our  chemical  measurements. 
Although it is possible that incubation of the cells with the 
vesicles could  remove surface proteins,  the  reversibility of 
inhibition indicates that any such proteins are not involved 
in  the  capping process. The  inhibitory  effect achieved by 
cholesterol depletion  is primarily an alteration  of the lipid 
environment in the surface membrane affecting normal pro- 
tein  function.  Unlike our previous studies with cis-unsatu- 
rated fatty acids that inhibit capping and cause disruption of 
the  cytoskeleton  (19),  we  find  in  our  present  study  that 
cholesterol  depletion  does  not  cause  rearrangement  of a- 
actinin (data not shown). Also, in contrast to the results in 
our studies with fatty acids, the inhibition resulting from the 
removal of cellular cholesterol is not reversed by high concen- 
trations  of calcium.  Certain  similarities do,  however, exist 
between the inhibitory effects observed with cholesterol de- 
pletion  and  with  cis-unsaturated  free fatty acid  treatment. 
Neither reduces the levels of ATP that would inhibit capping 
as shown by Pozzan et al.  (36).  Both treatments lower the 
polarization values of the fluorescent probe diphenyl hexa- 
triene. 
In previous work from our laboratories (5, 6), we proposed 
that lipid in the surface membrane is organized in the form 
of domains which are either gel-like or fluid in nature. This 
suggestion  was based  on  the  finding  that  the  fluorescence 
lifetime for DPH in the surface membrane of the lymphocyte 
was heterogeneous (5). Furthermore, the differential effect of 
free  fatty  acids  on  membrane  function  was  shown  to  be 
consistent with  the presence of these  lipid domains (5,  6). 
Using solution theory we have also shown (5) that cis-unsat- 
urated fatty acids partition preferentially but not exclusively 
into fluidlike lipids,  and that saturated and trans-unsaturated 
fatty acids partition preferentially but not exclusively into gel- 
like lipid. On the basis of these data, we proposed a model for 
capping (1,  6) that suggests  that the protein(s) necessary for 
capping is in a lipid domain and that when a cis-unsaturated 
fatty acid  is  incubated  with  the  lymphocyte the  fatty acid 
partitions into that domaill affecting the cytoskeletal link to 
the receptor and altering the calcium levels around the pro- 
tein. As a result, the receptor/antibody complexes aggregate 
into patches around the cell surface but fail to accumulate 
into a  cap at one end of the cell because the link between 
receptor and the cytoskeleton has been broken. 
We believe that the effect of cholesterol depletion is similar 
to but less perturbing than treatment with the cis-unsaturated 
fatty acids. The results of these treatments indicate a disor- 
dering of a gel-like lipid domain, as suggested by the lower p- 
value for DPH, and an inhibition of capping. 
In untreated cells, both stearic and linoleic acids are taken 
up to the same extent. After cholesterol depletion, however, 
the uptake of linoleic acid is unaltered, whereas the amount 
of stearic acid incorporated by the cells is almost doubled. 
Since the binding of linoleic acid would be preferentially in 
the fluid  domains of the  membrane, we suggest  that these 
regions would not have been affected by cholesterol removal, 
thereby leaving uptake of linoleic acid  unaltered.  We have 
found (data not shown) that pre-incubation of these control 
cells with linoleic acid blocks subsequent uptake of ~4C-labeled 
linoleic acid, strongly suggesting that the fluid domains have 
a finite size. 
~Untreated 
20L ~'~JCholesterol  Depleted  T 
~,~  J  ~///~ 
IIN 
oZ U@  U@ 
Linoleic Acid  Stearic  Acid 
30~M  30pM 
FIGURE  5  The bindingof free 
fatty  acids  to  control  and 
cholesterol-depleted lympho- 
cytes. 
HOOVER ET AL.  Role of Cholesterol in Lymphocyte Capping  77 FIGURE  6  Morphology of mouse lymphocytes exposed to SUVs. Cells were treated with SUVs and washed as described in the 
text prior to fixation. Electron  micrographs of mouse lymphocytes. (A) Control cell not exposed to SUVs. x  17,000.  (B) Cell 
exposed to PC/PA SUVs. x  17,000. (C) Cell exposed to PC/PA/CH SUVs. x  17,000. (D) Cell exposed to PC/PA and then PC/ 
PA/CH SUVs. x  17,000.  Note the healthy appearance of these cells and the absence of SUVs adhering to the surface of treated 
cells. Stained with uranyl acetate and lead citrate. 
We do, however, suggest that cholesterol depletion of lym- 
phocytes would affect the gel-like lipid domains. Our results 
indicate that cells were depleted by less than half of their total 
cellular cholesterol. If  the gel-like regions in the surface mem- 
brane are saturated with respect to cholesterol, then depletion 
of  these regions by one-half would not result in fluid domains. 
In fact, we have shown that linoleic acid can further lower 
the  p-value for  DPH  and  further  inhibit  capping in  these 
depleted cells. This we believe is an indication that the pro- 
tein(s) involved in capping is still in a relatively gel-like lipid 
domain. The increased binding of stearic acid by cholesterol- 
depleted cells is consistent with stearic acid partitioning into 
78  THE JOURNAL OF  CELL BIOLOGY .  VOLUME 97, 1983 FIGURE 7  Freeze-fracture replicas of filipin-treated mouse lymphocytes.  (A) Control cell which has numerous filipin-cholesterol 
(arrowheads) complexes distributed over its plasma membrane, x  30,000. (B) Cell exposed to PC/PA SUVs. Note the presence 
of fewer filipin-cholesterol complexes (arrowheads) than in the control, x  30,000. The direction of shadowing is indicated by the 
arrows. 
the cholesterol-depleted regions to restore their gel-like nature. 
This, then,  might result in a  further binding of stearic acid 
since this saturated fatty acid binds preferentially to gel-like 
lipid (15). We have found similar effects in control cells. Pre- 
treatment with unlabeled stearic acid enhances the subsequent 
uptake of ~4C-labeled stearic acid over that  of cells treated 
with ~4C-labeled stearic acid only (data not shown). We suggest 
that this effect is possibly a result of stearic acid ordering the 
fluidlike  domain,  converting  it  to  a  gel-like  domain  and 
thereby enhancing further uptake of stearic acid. In support 
of this proposal, we show that  stearic acid increases the p- 
value  for  DPH  in  cholesterol-depleted  cells,  indicating  an 
increase in the gel-like nature of the lipid.  Remarkably, the 
addition  of stearic acid to these depleted cells also reverses 
the  inhibition  of capping.  It has been shown (7) that  most 
cellular functions of cholesterol are extremely sensitive to the 
conformation  of the  hydroxyl group,  the  planarity  of the 
steroid ring system and the length  of the  hydrocarbon tail. 
Stearic acid possesses none of these features, yet it is able to 
mimic  cholesterol  in  restoring  a  protein-mediated  process 
initially inhibited by cholesterol removal from the cell. 
The results that we have obtained are consistent with our 
earlier work (5, 6) in which we proposed the existence of lipid 
domains in surface membranes. As indicated earlier (30-34), 
the presence of cholesterol in synthetic phospholipid mem- 
branes  has  been  shown  to  bring  about  phase  separations 
resulting in lipid domains which are gel-like and fluidlike in 
nature.  We  wish  to  suggest that  cholesterol  in  the  surface 
membrane of the lymphocyte plays a similar role with respect 
to  the  existence  of lipid  domains.  Removal of cholesterol 
from the surface membrane modifies the gel-like domain to 
such an extent that normal protein function is altered. Cornell 
et al. (14) have also proposed cholesterol-containing domains 
in the surface membrane of the myoblast which could regulate 
the aggregation of these cells. 
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